The ability of washed suspensions of Escherkhia coli Y44 (which requires histidine and p-aminobenzoic acid for growth) to synthesize methionine from homocysteine was decreased almost to zero when the organism was harvested from a growth medium containing methionine itself. There was a similar effect, though in no case quite so severe, with eleven other strains of the organism. In M h e r experiments with strain Y 4A the effect was found to be specific to methionhe ; the p m n c e during growth of no o&er amino acid tested decreased subsequent synthesis by more than 20 %. Ability to synthesize methionine was lost and regained on single successive cultivations in the presence and absence of the amino acid; there was also no evidence from viable counts on agar mediafmethionine for a genetic change. 'Inactive' organisms (methionine-grown) were not activated by changhg the nature of the p r e c m r of the methyl group nor by adding heated extracts of yeast or of 'active9 organisms. There was no evidence that 'inactive' organisms produced an inhibitor of methionine synthesis. It is concluded that growth with methionhe leads to the non-production of an enzyme@) concerned diFectly in the addition of the one-carbon unit to homocysteine.
M h e r experiments with strain Y 4A the effect was found to be specific to methionhe ; the p m n c e during growth of no o&er amino acid tested decreased subsequent synthesis by more than 20 %. Ability to synthesize methionine was lost and regained on single successive cultivations in the presence and absence of the amino acid; there was also no evidence from viable counts on agar mediafmethionine for a genetic change. 'Inactive' organisms (methionine-grown) were not activated by changhg the nature of the p r e c m r of the methyl group nor by adding heated extracts of yeast or of 'active9 organisms. There was no evidence that 'inactive' organisms produced an inhibitor of methionine synthesis. It is concluded that growth with methionhe leads to the non-production of an enzyme@) concerned diFectly in the addition of the one-carbon unit to homocysteine.
In the course of a study of the role of paminobenzoic acid in the synthesis of methionine from homocysteine by suspensions of certain strains of Escherichia coli it was discovered incidentally that growth in the presence of methionhe greatly decreased the ability of the harvested organisms to synthesize that amino acid; a brief report of these results was made at the time (Wijesundera &Woods, 1958) . Using basically the same test system, Cohn, Cohen & Monod (1958) independently obtained essentially similar results. This was one of the earliest cases described of suppression of the production of enzymes by the ultimate product of their activity. A number of other cases have since been described (see reviews by Pardee 1959a, b) and the term enzyme repression has been suggested by Vogel(l957) to describe the phenomenon. It represents one of the two mechanisms (Umbarger & Brown, 1958) whereby ultimate products of metabolic pathways may exert a 'negative feed-back control' of their own formation; the other mechanism is inhibition of the actual activity of enzymes by such products. In view of the considerable current interest in regulation of cell metabolism it seemed of interest to record our earlier observations in detail.
Burgeois, Wiame & Lelouchier-Dagnelie (1960) have recently obtained evidence, based entirely on the kinetics of growth with Merent types of i n d , that methionhe may similarly repress the formation of enzymes concerned in its synthesis by PTO-nwrganii.
In certain experiments a number of other strains of Escherichia coli (both phototrophs a d auxotrophs) were used; their sources and growth requirements are given in Table 4 with the results obtained. Growth was again on medium A supplemented with the appropriate growth factor; unstable substances (e.g. pyridoxal) were separately sterilized by Seitz-filtration.
Mewrenmat of mam of OrgarziSmS. Extent of growth and the dry weight of suspensions of organisms was assessed with an E.E.L. photoelectric colorimeter (Evans Electroselenium, €€arIow, Essex, England) using 6 mm. tubes and a neutral density filter; uninoculated medium or water was used to obtain the zero setting. Within the range used (0-20) there was a linear relationship between instrument reading and dry weight of organism; a reading of 15 was equivalent to 0.5 mg. dry wt. organism/ml. with strain Y 44 avd was closely similar with other strains.
Prepurdkm of w m h d suspmwns. Growth medium (100 ml.) in Roux bottles was autoclaved for 10 min. at 115' and inoculated with 0.1 ml. of a 2-to 50-fold dilution of a 24 hr. culture on the same medium. The size of the inoculum varied with the different strains (and supplements to the medium) and was so adjusted as to obtain cultures in the logarithmic phase of growth (0-07-0-17 mg. dry wt. or@rns/ml.) after 12-15 hr. of incubation. The organisms were centrifuged out, washed once on the centrifuge with the culture volume of 0*067~-phosphate buffer pH 7-4 and finally suspended in 0.133~ buffer at twice the concentration (0.5 mg. dry wt./ml.) desired in the solution used for testing methionine synthesis.
Reactiolz mixture for methiofiine synthsis. The test system for methionine synthesis WEIS based on the experiments of Gibson & Woods (1960). The washed organisms were suspended at a final concentration of 0.25 mg. dry wt./ ml. in 2.5 ml. volumes of solution MS which contained: mi-homocysteine ( 0 -0 0 6~)~ DL-serine (0.01 M), glucose (O-O~M), p-aminobenzoic acid ( 10-6~), cobalamin (10 pmg./ml.) and O-O67~-phosphate buffer, pH 7-4. Serine and cobdamin were included beeuse, although not essential, they increase methionine synthesis by most strains of E8ckr~chia coli (Gibson & Woods, 1960) . p-Aminobenzoic acid was added since it is a growth requirement for strain Y44 with which most of the work was done and would be required autoclaving.
Repression of methionine synthesis in E. coli 231 absolutely for methionine synthesis if this organism were harvested (as it sometimes was) from media deficient in this factor. When not so required the presence of p-aminobenzoic acid had no adverse effect on methionine synthesis.
The suspensions in solution MS were incubated in upright tubes (125 x 16 mm.) for 16 hr. at 87'. Pilot experiments showed that methionine synthesis with suspensions of strain Y 44 was linear over this period of time. In each experiment there was a control with organisms heated to 100' for 5min. before adding to solution MS.
After incubation tubes were placed in a boiling water bath for 10 min. to stop the reaction and to release soluble constituents of the organisms. The supernatant liquids after centrifuging were used for the assay of methionine and for other experiments. Results are expressed throughout in terms of pm-mole L-methionine formed/mg. dry wt. organism/hr.
Estimation of methionhe. The microbiological assay with Leuconostoc msenteroides PSO as described by Gibson & Woods (1960) was followed exactly. This organism gives no response with D-methionine, or to precursors of methionine (cysteine, homoserine, cystathionine, homocysteine) which were sometimes present in the material under assay. Typical experimental samples gave doselresponse curves superimposable on that given by pure methionine.
Chemicals. Solutions of DL-homocysteine were prepared and standardized as described by Gibson & Woods (1960) . L-Cystathionine was isolated from the mycelium of Nacrosporu wmsa (strain H-98A) by a method based on that of Horowitz (1947). The L-and D-isomers of methionhe were commercial specimens.
The cobdamin used was 'Anacobin' (British Drug Houses Ltd., London, England) . Pyridoxal was a gift from Dr K. Folkers; stock solutions (2 x were sterilized by Seitz-filtration. Members of the folic acid group were as described by Lascelles, Cross & Woods (1954) .
Phosphate buffers were prepared from stock solutions of Na2HP0,. 12H,O and KH,PO,.
Chromatogruphy. Descending chromatograms were developed on Whatman no. 1 paper with 'butanol-acetic acid ' (the upper layer of a mixture of n-butanol, glacial acetic acid and water in the proportion (by vol.) of 4: 1: 5). The detecting agent (for amino acids) was 091% (w/v) ninhydrin in n-butanol. The method was used both to confirm the presence of methionine in experimental samples and to check the purity of certain amino acids. Via& coumk. The method used was based on the colony count technique of Miles & Misra (1938) . Serial tenfold dilutions of the cultures were made in basal medium A; those selected for counting contained 800 or less organisms/ ml. Standard drops (0-025 ml.) were deposited on sectors of plates containing 15 ml. of 2% (w/v) washed agar (Adelberg & Meyers, 1958) in medium A containing p-aminobenmic acid ( 1 0 -8~) and DL-histidine (2 x 1 0 4~) ; DL-methionine when added was ~V M .
The Suspensions of organisms harvested after growth in the presence of p-aminobenzoic acid synthesized methionine well in solution M S (condition I, Table 1 ).
When p-aminobenzoic acid was replaced for growth by the supplements there was insignificant synthesis of methionine by the suspensions whether the amino acids were supplied as the synthetic compounds or as the L-isomers in the forin of casein hydrolysate (conditions I1 and 111, Table I part of the effect was traced to methionine itself; the presence of this amino acid alone at 6.6 x 10-6~ in the growth medium almost completely suppressed synthesis by the harvested organisms (condition IV, Table 1 ). p-Aminobenzoic acid was necessarily present for growth under these conditions, i.e. in the absence of the other components of the replacement mixture.
In these experiments the organisms had been harvested during logarithmic growth; the result was not changed when older or younger cultures were used.
Two types of organisms may thus be obtained at will. Those able to synthesize methionine from the components of solution M S will in future be referred to as ' active ' organisms and were harvested after growth on medium In a large number of experiments with lo-% DL-methionine the % decrease in methionine synthesis varied from 90 to 100. Towards the end of this work the values were more often at the lower end of this range; the strain appeared to have undergone a minor variation and full inhibition was not recovered in substrains derived from single colony isolations. Stereo-spec@dty. A specimen of D-methionine showed approximately onehundredth the activity of L-methionine (Fig. 1) . However, on assay with k m s t o c msentt?r&des P 60 the specimen showed an apparent L-methionine content of 2.5 %. The effect of the D-isomer might thus have been due to this contamination. On the other hand, it may have intrinsic activity, since Dmethionhe has been shown to be converted to the L-isomer by suspensions and cell-free enzyme preparations of Es~herichia coli (Karunairatnam & Wijesundera, 1955 , 1956 ). Spec;ficity of the effect Amino acids. Amino acids (usually the DL-compounds) were added singly to the growth medium and the organisms harvested when the cultures had reached approximately the same density (about 0.1 mg. dry wt./ml.) All the amino acid specimens used for the results given in Table 2 were free of methionine as judged by chromatography on paper and by microbiological assay with Lacconostoc mesmteroides P00.
.The only amino acids (apart from methionine) which lead to significant The ewe O~L -M~.
A similar effect of methionhe on the methylation of homocysteine has been reported by Cohn et d. (1958) who also found L-leucine to cause a 50% decrease in methionine formation. In the present work one specimen of L-leucine gave considerable suppression (42 %), but this was traced to the presence of 3.3% L-methionine as impurity (by microbiological assay).
Similarly, suppressions of 25 % and 38 %, respectively, by certain specimens of DL-leuche and DL-ethionine were also shown to be due to contamination with methionine. Enhamem& of methionine synthesis. Addition of glycine or DL-norvaline to the growth medium enhanced methionine synthesis by the harvested organisms by about 50%. This effect was not further investigated; Gibson & Woods (1960) found synthesis by suspensions of a serinelglycine auxotroph of Escherichia coli to be markedly increased when growth was on giycine rather than serine.
Precursors of methimine. There is strong presumptive evidence (reviewed by Davis, 1955) that the pathway of methionine synthesis in Escherichia coli proceeds by a condensation of cysteine with homoserine to yield cysta-Repression of rnethionim synthesis in E. coli 285 thionine which is then degraded to homocysteine. Addition of these precursors of methionhe to the growth medium, however, had no effect on the synthesis of methionhe from homocysteine by the harvested organisms (Table 8) . Growth in the presence of a mixture of the specific components of the reaction mixture for methionhe synthesis (homocysteine, serine, p-aminobenzoic acid, cobalamin) led to a slight decrease of ability to form methionine (Table 3) . This may be an effect of methionine itself formed from readily available substrates during the early stages of growth. Cystathionine or homocysteine (each lo-%) when added as well as methionine to the growth medium did not overcome the effect of the last-named amino acid. Tests with other strains Eleven other strains of Eschrkhia coli were tested for the effect of methionine during growth on the subsequent ability to synthesize methionine; ten were auxotrophs with various growth factor requirements, the other was a prototroph. The additional presence of methionine in medium A usudy caused rather more rapid growth, but since this varied in degree with different strains the cultures were harvested when they reached similar optical densities rather than after a standard time of growth. A standard concentration of lo-*M-DL-methionine (which suppresses activity of strain Y 6 6 almost completely) was chosen.
In every case (Table 4) there was considerable decrease of ability to synthesize methionine as compared with the controls grown without methionhe (range 74-94%). In no case, however, was the effect quite so severe as with strain Y46. Strain M200 (a cobalamin auxotroph) was grown by Gibson & Woods (1960) in the presence of methionine in order to obtain cobalamindeficient organisms; the effect is less marked with this organism (76%) than with most of the others and would presumably have been less still with the lower concentration of methionine (1.3 x 10-*M) used by those authors. Nature of the eflect Genotypic OT phenotypic change. It was first necessary to establish whether or not growth in the presence of methionine had caused a permanent and inheritable change in the organism. Organisms grown in the presence of methionine were used as inoculum for further cultures grown in the presence and in the absence of rnethionine; the activities of the harvested organisms were examined. This procedure was repeated serially four times (Fig. 2) . The ability to synthesize methionine was lost or regained completely by single subcultivations in media with and without methionine, respectively. Although unlikely, it was still possible that a few surviving representatives of the respective genotypes, able or not to synthesize methionine, had survived the passages and were selected out during subsequent growth in the absence and presence of methionine, respectively. Alternatively, non-synthesizing mutants might arise continuously and be selected out. Viable counts were therefore made of typical suspensions of ' active ' and ' inactive ' organisms on agar plates, with and without methionine ( Table 5 ) ; there was no significant difference between any of the counts. Assuming any 'active' organisms still present in 'insctive' suspensions to have the normal degree of activity, it would not have been expected that more than about 5% of the organisms present in the ' inactive ' suspension could have grown in the absence of methio-Ri?pressiOrn of methionine synthesis in E. coli 287 nine; however, within the experimental error all the organisms grew. It was concluded therefore that the loss of ability to synthesize methionine is a purely phenotypic change.
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Depmcknce on growth. 'Active' organisms were harvested from growth without methiorhe and incubated in buffered glucose with and without methionine before testing in the usual way for ability to synthesize the amino [75] eta. indicates activity of harvested suspensions (pm-mole L-methionine formed/mg. dry wt. orga&m/hr.). 'Inactive' or 'active' organisms were used to inoculate succeeding cultures as indicated. Table 5 acid. There was no loss of activity on incubation with methionine ( Table 6) . Indeed the only change was a slight comparative decrease in activity on incubation without methionhe; it is possible that methionine protects the enzyme system from slight inactivation. It appears therefore that the enzyme systems, once formed, are stable and that loss of activity by the organisms is not due to the formation of a stable complex between the enzyme and methionbe. Table 7 . Recovery of mdhionine added to the synthesis system 'Active' and 'inactive' organisms obtained as in Table 5 . 'Active ' organisms were not inactivated by incubation with heated culture filtrates of 'insdive' organisms. However, 'inactive' organisms acquired very slight activity on incubation with heated culture filtrates of the 'active' type (Table 6) ; this may have been due to slight growth occurring during this incubation in the absence of methionhe. Finally, harvested 'inactive' organisms remained 'inactive' when incubated in glucose without methionine (Table 8) . It was concluded provisionally that the effect of methionhe is on the formation of an enzyme or emyznes afTecting directly or indirectly its own synthesis rather than on the activity of those enzymes once formed.
I ---
Repression of methionine synthesis in E. coli 239 P~SsibEe destruction of Szlbstra&~ or product. It remained possible that 'bactive' organisms had acquired an ability either to destroy methionine 88 rapidly as formed or to metabolize by competitive pathways the major substrates (serine and homocysteine) required for its synthesis. Methionine added to suspensions of 'inactive' organisms in solution M S in amounts up to ten times that synthesized by ' active cells ' was recovered almost completely ( Table 7) . ' Inactive ' organisms were incubated in solution M S and the organisms were removed by centrifuging. 'Active' organisms were then suspended in the supernatant liquid aad the incubation continued; half as much methionine was formed as when fresh solution MS was used. Failure to synthesize methionine by 'inactive' organisms cannot therefore be due to removal of homocysteine and serine by other reactions.
When 'inactive' organisms were incubated in solution MS it was noted that, although no methionhe was formed, as judged by microbiological assay, a ninhydrin-positive spot with an Rp value in butanol+aczetic acid slightly greater than methionine itself appeared on paper chromatograms. This material was not identified, but it appeared to be similar if not identical to material observed by Gibson & Woods (1960) with auxotrophs of E8ckichia coli, again in conditions when methionine was not synthesized (lack of cobal& or p-aminobenzoic acid). Possible production of ifihibitorg. The synthesis of methionine by 'active' organisms was not affected by the concurrent presence of an equal quantity of 'inactive' organisms in the synthesis system ( Table 8 ). The failure of the 'inactive' organisms cannot therefore be due to the production of a freely permeable inhibitor.
QueStion of a-carbon donor. Failure to synthesize methionine might be due to failure to activate homocysteine or to inability to use the normal source of the one-carbon unit. A number of possible alternate ultimate sources of the methyl group were substituted for serine in solution MS in tests with ' inactive ' organisms; glycine, formate, glyoxylate, glycollic acid, threonine, homoserine, histidine and tryptophan all gave negative results.
Folk acid and 0 t h cofactors. There is strong evidence (Gibson & Woods, 1960) that p-aminobenzoic acid must first be converted to some form of folic 240 S. Wijemndera artd D. D. Woods acid before it is effective as co€a,ctor for methionine synthesis by Escherichia coli. The possibility that ' inactive ' organisms were failing to bring about such conversion was tested by techniques similar to those of Lascelles & Woods (1932); both 'active' and 'inactive' organisms were, however, equally proficient in synthesizing factors active for the growth of Luctobarciltm casei and Leucolzostoc citravorwn. Pteroylghtamic acid and its N6-formyltetrahydro derivative had no effect when added to solution MS.
'Inactive' organisms were not made active by altering the concentrations of p-aminokuoic acid and cobalamin in the reaction mixture or by adding pyridoxal, pyridoxal phosphate, p-hydmxybenzoic acid, yeast extract or combinations of all the factors so far mentioned. Furthermore, heat-treated extracts of & active ' organisms did not activate methionhe-grown organisms.
It is unlikely therefore that the inability of 'inactive' organisms to methylate homocysteine can be attributed to absence of a necessary cofactor.
CmZ26sim. All the evidence so far obtained is compatible with.the view that when the organism is grown in the presence of methionine it loses the ability to form some enzyme or enzymes concerned in the over-all methylation of homocysteine. Preformed enzymes are not lost and the process appears to be bound to growth. It is likely that the enzyme which is not produced is one concerned with the utilization of homocysteine rather than with the provision of the one-carbon unit which becomes the methyl group of methionine; a deeper d y s i s must await experiments with isolated cell-free enzymes. Loss of the ability to form the enzyme(s) might be due to the prevention of the formation of the enzyme-forming system or to a specific inhibition of its activity.
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